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INVESTIGATING METAL-CUTTING PROCESSES:
V. FOUNDATION AND EVOLUTION OF THE PRINCIPLES
OF HIGH-SPEED CUTTING OF METALS

Docent M. Klushin

The majority pf investigations of the metal-cutting process, up to a cer-
tain time, had one very essential shortcor .g: properties of the machined ma-
terial were considered as given properties and unchangeable. The fact that the
properties of metal vary with e& change of cutting conditions, especially cut-
ting speed, was not taken into consideration.

Engineers at the Kiev Red Banner Plant were the first investigators who
clearly evaluated the effect of the cutting speed on the cutting process. 1In
1937, this group of engineers introduced and experimentally substantiated the
theory of machining steels hardened higher than Rockwell C 60.

According to this theory, machining of hardened steels is based on the
fact that high cutting speed develops, at the point of contact of the cutter
with the machined object, & high temperature which has a softening effect on
the metal before the cutting. Since the hard-alloy cutter loses its hardness
to a lesser extent than the hardened steel, it is possible to create, by vary-
ing the cutting speed, a temperature at which the difference between the hard-

oo ness of the cutter and the steel will be at & meximum. Obviously, the machin-
ing of hardened steel must be conducted at the highest possible cutting speed

which will produce a maximum cutting temperature, but not higher then the crit- . : E |
ical temperature at which the cutter loses its hardness and, consequently, its i §
endurance. ’ . ;

The machining of hardened steels during experiments in the Kiev Red Bamner
‘Plant was performed on a lathe with cutters which had tips made of four hard
alloys: RE-6 (tungsten-cobelt), RE-8«x2L (titanium-cobalt) and "gergonit." The
cutters with tips mede of x-21 and "sergonit" crumbled at the beginning and
therefore the basic experiments were conducted with tips made of RE-6 and RE-8.
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The reke angle of cutters varied from 4+ 5° to -150. Grinding of cutters with a

rake of 4+ 5° and -15° showed poor results: the cutters were crumbled at large N
positive rakes, and excessive cutting forces were obtained by large negative

rakes. Chips were obtained very hot and completely amnnesled. The machined sur-

face was smooth with a polished appearance. No structural transformation was

detected on finished surfaces:.

A, V. Alekseyev conducted experiments on turning stainless steel 18/2 with
various degrees of hardening. The cutters had tips made of RE-8 alloy. ("On
the Problem of Cutting Hardened Steels at High Speeds," Vestnik metallopromy-
ehlennosti, No 1, 1939.)

According to the experiments by Alekseyev, the endurance of the cutter de-
creases &s the cutting speed of hardened stainless steel is increased, while ac-
cording to data obtained by engineers of the Kiev Red Banner Plant the reverse
takes place. This difference was explained by Alekseyev as the result of differ-
ent trends of structural transformations in steels. In carhon steels, trani3forma-
tions proceed in the direction of martensite-troostite-sorbite. This transfor-
mation trend is favorable for cutting. In high-alloy steels, martensite trans-
forms with elevation of temperature into austenite, and this phenomenon has an
unfavorable effect on the cutting process because of the poor machirability of
austenite.

In addition, transformation rates must be taksn into consideration.
Changes in the physical properties of heated steel are caused by transition of
the space lattice into another type of lattice. This rearrangement proceeds at
different rates in verious metals, and the transformation rates of elloy steels
are lower than those of carbon steels. There are reasons to assume that these
rates lag congiderably behind the cutting speed. Therefore, it is quite possi-
ble that the metal layer to be removed by the tool, in coptact with the cutter

for an extreuely short pericd, does not change its physical properties although
it can be heated.

L. M. Reznitskly experimented with machi<ing hardened chrome-nickel steels,
as reported in the chapter "Machinability uf Hardened Alloy Steels," in Mate-
rialy k kor ferentsii po rezaniyse metallov (Materials for the Conference on
Metal Cutting), LONITOMASh (Leningradskoye otdeleniye nauchnoye inzhenerno-
tekhnicheskoye obshchestvo mashinostroyeniya, Leningrad Division of Scientific
Engineering Technical Society of Machine Building) 1940, and proved the possi-
bility of high-speed cutting for very hard steels using hard-alloy cutters with ’
negative rake angles. He found that cutting is possible at 40-125 meters per ‘
minute and that tie optimum rake angle is § =-50.

At approximately the same tiwe, Professor V. A. Krivoukhov and Docent P. P.
Grudov aleo studied the problem of cutting hardened metals, in particular "khro- .
maasil” (chrome-manganese silicor steel).

These investigators also came to the conclusion that metals, earlier con-
sidered as not subject to cutting, mey be machined at 50-60 meters per minute
under the condition that hard-alloy cutters with negative rakes are used.

The significance of using negative rake angles was explained as follows:
in the case of a positive rake, the cutter tip works for bend and shear, i.e.,
it is subject to deformations to which its resistance is least gatisfactory, es-
" pecially in the case of impact load; at a negative reke, the hard alloy tip is
mainly subject to compression, the deformation which hard alloys resists best;
and in & considerably less degree, it is subject to bend and shear.
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During 1940, the problem of high-speed and superhigh-speed cutting of metal
was widely discussed in Soviet technicsl Miterature. The wain stimulus for such
an interest in the subject was the publication of V. D. Kuznetsov's considera-
tions on the possibilities of metal superhigh-speed cutting and the initial re-
sults of machining &t speeds up to 1,500 meters per minute (V. D. Kuznetsov,
"Possibility of Using Superhigh Speeds for Steel Machining," Zhurnal tekhni-
cheskoy fiziki, No 5, 1940; Ye. P. Nedeinekaya, “Application of Superhigh Speeds
for Cutting Metals," Vestnik metallopromyshlennosti, No 3, 1940).

V. D. Kuznetsov arrived at the idea of the possibility for using superhigh
speeds in metal cutting by applying to metals the results of his investigations
on plasticity and strength of solids under static and dynamic loads.

The theoretical deliberations of Kuznetsov are as follows:

The work performed during.cutting consists of four parts:

A= Agygpt Ap) gt Apr TA

The first part, Ag4q,, 18 the work used for trensferring & certain number
of molecules from the inngr parts of a machined body to the surface, i.e., the
dispergation work connected with the surface increase. Referring to tlLe works
by Gardin and Bessonov, who established in their investigrtions of rock-salt
crystals the negligible magnitude of Adisp in respect to total work used for

cutting, Kuznetsov considers that Adisp may be disregarded.

The second part, Apl d» is.the work used for plastic deformation of the
metal in front of the cutter and under it. :

The third part, Apyp, is the wofk consumed by friction in metal cutting
and is used for dispergation and plastic deformation. .

o A /
Hence: . : Apr= Agispt Apl a

The fourth part, Agy dl, is the work used for elastic deformations and con-
verted, in the final result, into heat. :

Pars Agisp end Af; g mey be added to Aqisp 204 Ay g, respectively, and
then: . '

A~ Agggp+ Apl a thela

But since the value of AdiSp mey be neglected, finally we will obtain:

A=AP:|~’-1'\'Aeld

Kuznetsov assumes that in the process of cutting plastic metals, such as
lead, tin, copper, aluminum, iron, and soft steel, Apl g has predominant sig-
nificence, but in the case of cutting brittle metals, as cast iron and hardened
steel, the main role belongs to A, g,

I= his attempt to find a possibility for decreasing the Apy g component in
machining plastic materials, Kuznetsov refers to the results of work by A. F.
TIoffe and co-workers who determined, by X-raying, the yield strength of rock
salt in respect to temperature. They established that the yield strengtl: de-
creases as the temperature increases and approaches zero at the melting point,
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vhereas the tensile strength remaine constant and does not dspend on temperature.
Rock salt under tension at temperatures less than 2000 breaks without plescic de-
formations and beheves as a brittle body. But at temperatures higher than 2000,
the yleld strength is reached first, plastic defcrmetions teke place, and only
then does rupture occur. But the yleld strength depends not only on temperature,
but also on the rate of deformation; it increases as the rate of deformation in- N
creases, 1

Finally, Kuznetsov suggests that the best method for decreasing the force
Apl used for plastic deformations is cutting at superhigh speeds, i.e., at
spee&s of ge.eral thousand meters per mirute. The higher the cutting speed, the
lover the plastic deformation and the smeller the amount of heat.

Numerous experimental attempts Ly various investigators to substantiate Ku-
znetsov's theories failed and he came to the conclusion thet the metal remained
in plastic state at sll speeds, up to 6,000 meters per minute , used in experi-
ments, and that the endurance of cutting tools at speeds over 2,000 meters per
minute is practically zero.

Kuznetsov's work stimulaived further theoretical and experimental works on
the problems of the cutting process.

L. T. Mendeleyev studied the effect of the cutting angle and speed on the p
contraction of a lead chip. Experiments were conducted at speeds from 30 to -
1,063 meters per minute with cutters , the cutting angles of which varied from 32
to 76 degrees. .

Mendeleyev observed & decrease of chip contraction with an increase in cut-
ting speed up to & certain limit, sbove which a further increase in cutting
speed did not involve any change in contraction of the chip. He proved that
this critical velue of the cutting speed depends on the cutting angle: the
lower the cutting speed, the smaller the cutting angle, i.e., the larger the
rake angle. .

It follows from Mendeleyev's date that contraction of the chip increases
- with an increase in the cutting angle. This observation was supported by au-
merous data of other investigators. However, the data led to an essentially
new conclusion, i.e., the influence of the cutting angle on contraction de-
creases with the increase of the cutting speed.

On the basis of his experiments, Mendeleyev came to the conclusion that by
increasing cutting speed, it is possible to increase the cutting angles of
tools, i.e., their rake angles may be decreased.

Several workers of the Siberian Physicotechnical Institute (K. V. Savitskiy,
P. D. Krivopalov, G. S. Yarkina) investigated the effect of the ter-erature of
preheating a material being machined on the chip contraction and cutting coeffi-
cient,

Experiments conducted in the institute on machining copper, lead, and tin
demonstreted that with an increase in preheating, temperature chip contraction
decreases and this decrease is more noticeable with increase of the cuttin_ an-
gle. The coefficient of cutting decreases still more grveatly than contraction
of the chip, as the preheating temperature is increased.

% In 194k, Professor A. I. Kashirin published his monograph Issledovaniye vi-

' 3 bratsiy pri rezanii metallov (Investigation of Vibrations in Metal Cutting),
Academy of Sciences USSR, 1944%. Kadhirin studied the effect of cutting speed on
components of the force of cutting. The viewpoint had long been accepted that
the speed of cutting bad practically no effect on the cutting force. This was
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correct, taking into consideratiorn that the investigators did not use cutting
speeds beyond the range of 25-30 meters per minute. Kashirin's investigations
differed from earlier works in the range of cutting speeds and in the applica-
tion of inertialess electricel instruments fuv measuring both components of
the cutting force.

Kashirin's basic conclusions are expressed in the following statements:

1. In cutting brittle metals, e.g., cast iron, the average value of the
cutting force doeg not depend on the cutting apeed.

2, 1In the case of cutting steels with a sufficiently high content of
carbon, 0.5% and over, the force of cutting has a slight tendency to decrease
with an increase in the cutting speed. Practically, it may be assumed that
the cutting force does not depend on the speed for such steels.

3. Formalion of elements of the chip and related variations of the cut-
ting force are not entirely periodical in cutting tough steels with very low
speeds and heavy chips. o

4, Affirmation of the cutting force's independence of the cutting speed
is wrong in the case of tough steels. In this case, the cutting force under-
goes A comparatively sherp ascent to the maximum value and then a slow decrease
ut ¢ certain range of cutting speeds, the range being determined by the cutting
depth, feed, and shape of the cutting tool.

5. In a certain range of speeds,the force of cutting tough steels becoues
highly unetable, Maximum deviations of cutting-force components from their
average values were observed a% a cutting speed appropriate to the maximum av-
erage value of the components.

Experiments for high-speed turning of machine steels using cutting tools
with positive aund negative rakes were conducted by M. I. Klushin and E. I.
Feldshteyn ("Influence of Cutting Speed on the Cutting Force in the Case of
Usiﬁ§ Tools With Positive and Negative Rakes," Stanki i instrument, No 7-8,
194k). :

Observation of the appearance of steel chips removed by cutting tools
with positive and negative rakes (§ =+20°0, +10°, 09, -10°, -20°) shows that
an increasse in cutting speed causes an increase in the radius of chip curls.
Chips of cross section t x 8 = 3,0 x 0.1 have the appearance of tightly curled
spirals of Archimedes if they are cut off by cutters with positive rakes at low
speeds, about 20 meters per minute. With increase in cutting speed, the chip
acquires the shape of & continuous spiral rivbon, the curl diameter of which
increases from 15-20 mm at speeds of the order of 100 meters per minute to 50
mn at speeds of the order of 300 meters per minute. ZThe color of the chips
gradually changes from light-steel to blue. In the case of using cubters with
negative rakes at low speeds of the order of 20 meters per minute, chips are ob-
teined in the shape of small curls. At high speeds, the chip has the appearance
of & continuous ribbon, the curl radius of which increases considerably faster
than in the case of cutters with positive rakes. At a negative rake of -10° and
cutting speeds over 200 meters per minute, the chip hes the shape of a straight
nonspiral ribbon. At & feed greater than 0.1-0.3 mm and low cutting speeds of
40-50 meters per minute, the chip removed by the tool with a negative rake is
divided into separate elements, i.e., represents .a typical structure of shearing.

Experiments for studying the variation of cutting force relative to the cut-
ting speed were conducted with steel 50 under the condition of free cutting at a

feed of 0.1 mm per revolution using cutting tools with rakes of 4200, +10°,
-10© and 0° and with clearsnce of 3°,
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Resulte of these experiments led to the following conclusions:

1. When using cutting tools with positive rekes, an increase of cutting
speed causes an increase in the tengential force of cutting.

2, When using tools with a zero reke, a cutting speed in the range from
50 to 350 meters per minute has no effect on the value of the tangential cut-
ting force.

3. In the case of negatlve rakes, an increase of cutting speed in the
range from 50 to 400 meters per wirute involves & decrease in the tangential
cutting force.

. The value of the cutting speed at which cutting forces become equal
for tools with either positive or negative rakes amounts approximately to koo
meters per minute.

5. 1In the cutting speed range from 10 to 40-50 meters per minute, when
using tools with positive and negative rakes, a great scat*zring of experi-
mentsl dats takes place, but a general tendency toward increase of cutting
forces with increase of cutting speed was observed.

Experiments by several other investigators corroborate in general the
above-mentioned regularities in high-speed turning of machine steels are shown
in Skorostnyye metody obrabotki metallov {High-Speed Methods of Mechining
Metals), Mashgiz, 1948.

Data of particulsr interest are given in the work of Professor V. A. Kri-
voukhov and his co-workers. Docent B. Ye. Brushteyn, Docent S. V. Yegorov and
Engineer D. N. Kozlov, in the chapter, "Superhigh-Speed Metal Cutting and Con-
dizéons for Tts Realization" in Skorostnyye metody obrabotki metallov, Mashgiz,
1948.

After & series of lavestigations, these authors established that, in the
case of using cutters with negative rakes and ordinary values of tool angles
{ 60 + 75°, @ = 10 + 200), temperatures of the cutter, chip, and machined
part rise with the increase of cutting speed. .

However, the temperature of the chips, i.e., the layer being cut off is
lover then that of the cutter. :

To further increase the cutting speed, they attempted to find & shape for
cutting tools which would provide for still greater evolution of heat. This
was achieved by sharply decreasing tool angles.

New type-KBYeK cutters (trade name composed of initial letters of Krivou-
khov, Brushteyn, Yegorov, and Kozlov) have & -39, cp:m +20°, P =10° and
r= 0.

The most valuable property of KBYeK cutters is that the temperature on
their cutting edges is lower than the temperature of the layer being cut off.

Thus, the cutting edges, even at speed of 250 meters per minute, have a
temperature of 7500, i.e., below criticsl temperature, when the removed layer
reaches a temperature of 850°, which is already in the anftening zone of high.
alloy steels.

Contraction of the chip in machining with the KBYeK cutter is less than in
operation with ordinary cutters. Thus, with a change in cutting speed from 20
to 100 mebters per minute the longitndinal contraction varies from 2 to 1.42 for
the ordinary high-speed cutter and from 1.55 to 1.25 for the KBYeK cutter and
even reaches 1.1 at a cutting speed of 250 meters per minute.
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Application of KBYeK cutters permits an increase in cutting speed 2-4 times ]
over the speeds established for ordinary cutters with negative rakes.

se
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Theoretical and experimental investigations by Soviet scientists permit
formulation of the fundamentals of high-speed metal.cutting.

The process of chip forming is & process of successive, more or less in- 1
tensive shifts of metal layers in the direction of the shear angle;ﬁ B 3

Resistance of machined material to cutting and the type of chip formed de-
pend on the absolute value and ratio of resistance of material to crushing,
shearing and bresk and, on the other hand, on the value of J,. (M. I. Klushin,
“Negative Reke of Cutting Tools," Stanki i instrument, No 1, 1946).

A continuous chip is formed at comparatively large angles of shear/ﬁ when
the area of shifting, being determined by formula SBh::.§Q_ , 18 comparatively
1

sin .
small. Here, S, is the area of cut in square millimeters ané Sgp 18 the area
of shifting. The cutting tool, after contact with the materisl being machined,
Pirst causes its compression to a certsin extent, However, with further in-
creage of acting force, & certain very thin layer of metal slips along the
angle f, -

shifting is considerably larger. The force acting on & tool is insufficient to
produce slipping of a certain layer of the metal, and compression progresses.
However, with further penetration of the cutting tool, the stressed state in the
machined metal changes in such a way thet the flov line changes its direction
and deformations are developed in a greater and greater region. Finelly, at a
certain value of the increased acting force, shearing of the chip elements oc-
curs in & direction determined by the shearing angle;f .

The chip of shear is formed at smaller values of;f when the area of ]

The chip of break is formed in cases when the area of shifting is very
large. Chip formation occurs not under the action of shearing stresses but is
caused by the normel stresses of breeking avay with preliminary formation of a
crack along the surface being machined.

The maximum theoretical value of the shearing angle/fiﬁ determined by the
formula

b= w+3

In prsctice, the angle /f is always smaller then its value 8&s determined
by this formule. Deflection of the actusl shearing angle from its maximum pos-
sible value increases as the ratio between the force of friction F on the front
side of the tool and the area of cut S, increases.

Increesing the speed of cutting causes an increase in the shearing angle /z,
since, because of increased heating of the metal in front of the cutting tool,
~ the actual resistance of the metal to shear decreases. This leads to decreas-
ing normel pressure of the tool against the metal layer and chip and, conse-
quently, the friction force F decreases and a2lso the ratio F .
So

Increase of the angle /z involves a decrease in contraction of the chip
and, at small positive or negative rake angles, a decrease in cutting forces.
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When using cutting tools made of high-speed steel, the only method for fa-
cilitating formation of chips is increasing the rake angle, since the red herd-
ness of high-speed steels is limited. But, when using tools with hard-alloy
cutting edges, this may be achieved by incressing the cutting speeds.

Increasing the cutting speeds has an effect oa the cutting rrocess similar
to that of the rake increase. Therefore, high cutting speeds make possible and . N
also expedient the application of tools with negative rakes. . i
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